Abstract. Prostate cancer is the most common form of cancer in men, with increased incidence rates observed in older individuals. Prostate cancer is primarily driven via activation of the androgen receptor (AR), the principal transcriptional factor governing prostate cancer cellular programming and its associated metabolism. One of the downstream targets of AR is hepatocyte nuclear factor-1β (HNF1B), an important oncogenic transcription factor in prostate cancer. In the present study, the regulatory role of HNF1B in enoyl-CoA-(Δ) isomerase 2 (ECI2) expression in the transgenic adenocarcinoma of the mouse prostate (TRAMP) mouse model was investigated. Using this model, tumor progression and associated pathological alterations at 12, 18 and 24 weeks were analyzed. Histological sectioning revealed pathological alterations over time, including thickening of glandular epithelial cells (12 weeks), increases in cellular proliferation (18 weeks), and extensive thickening and hardening of the tissue layer (24 weeks). Expression levels of HNF1B and ECI2 proteins were validated by immunohistochemistry and western blotting at different stages of prostate cancer development. HNF1B and ECI2 exhibited minimal differences in protein expression at 12 weeks in TRAMP + mice. However, by 18 weeks, TRAMP + mice exhibited multi-fold increases in HNF1B expression levels, along with downregulation of ECI2. These effects were reversed at 24 weeks, indicating an important time-dependent regulation of gene expression. Taken together, these results demonstrated that upon tumor progression, the initial tumor-protective effect of HNF1B is lost along with downregulated expression of HNF1B and increased expression of ECI2.
Introduction
The prostate gland is an accessory reproductive organ in males located between the bladder and penis. Cancer of the prostate is the most common type of cancer in the USA and was the second leading cause of cancer-associated mortality in 2016 (1) . Uncontrolled growth associated with cellular migration and metastasis is the leading cause of cancer-associated mortality (2) , with 17-34% of patients exhibiting metastatic disease at the time of initial diagnosis (3). Late-stage diagnosis remains an important problem, accounting for 37-43% of all cases, and is a significant risk factor for disease-associated mortality. Cancer screening tests, including screening for the prostate-specific antigen, have been useful for early detection, although the low sensitivity (20.5%) and specificity (93.6%) of this test highlight its limitations for prostate cancer detection (4) .
Androgens and the androgen receptor (AR) are an important group of male steroid hormones that regulate prostate growth. Upon binding to androgen, the AR acts as a transcriptional factor, serving a major role in the proliferation, invasion and viability of prostate cancer cells (5) . First-line therapies for prostate cancer directly target this pathway, by blocking androgen production or through suppression of the AR. However, despite the initial efficacy of these therapies, acquired resistance remains unavoidable (6) . Subsequent lines of treatment, including chemotherapy and radiotherapy, may offer certain benefits, although typically these only extend life for an additional few months (7, 8) . The scope for further advances in prostate cancer treatment remains limited due to mutations in numerous oncogenes, including phosphatase and tensin homolog, cellular tumor antigen p53, BRCA2 DNA repair associated, AR and MYC proto oncogene, which limit the effectiveness of targeted therapies (9) (10) (11) (12) . Recently, it has been demonstrated that increased HNF1B expression may help protect against prostate cancer (13) . By contrast, overexpression of genes such as enoyl-CoA-(Δ) isomerase 2 (ECI2), an important regulator of fatty acid metabolism, may promote prostate cancer growth (14) , although the complex interaction between these two genes remains poorly understood. In the present study, the functional association between HNF1B and ECI2 in promoting prostate cancer was analyzed.
Materials and methods
Mouse model of prostate cancer. Heterozygous male and female mice at 5 weeks old [C57BL/6-Tg 8247Ng/J transgenic adenocarcinoma of the mouse prostate (TRAMP)] were purchased (Jackson Laboratory, Bar Harbor, ME, USA) and allowed to breed to obtain homozygous males. The males were bred with female FVB/NJ mice (Jackson Laboratory) to obtain C57BL/6 TRAMP x FVB mice, as described previously (15) . TRAMP mice develop a progressive form of prostate cancer. Male mice at 6 weeks old (C57BL/6 TRAMP x FVB; n=18), divided equally into three groups (n=6), were used in all experiments. The mice were fed an AIN-93G diet and provided water ad libitum. The housing conditions in which the mice were maintained were 24-26˚C, 55-60% humidity and a light/dark cycle of 14/10 h. Mice without TRAMP overexpression were used as controls. Mice were sacrificed at 12, 18 and 24 weeks, and the prostate glands were dissected and subjected to further analysis. All the animals that were used in the present study, and the protocol followed, were approved by the institutional ethical committee (Taihe Hospital, Hubei University of Medicine, Shiyan, China).
Histological imaging. Dissected prostate glands were cut into small pieces and fixed in 10% formalin solution for 48 h at 40˚C. Tissues were subjected to gradual dehydration by transfer into increasing concentrations of isopropyl alcohol and embedded in paraffin blocks. Using a microtome, tissue sections were cut into 5 µm thick slices and mounted on glass slides. Mounted sections were stained with hematoxylin (5-7 min) and counterstained with eosin (30 sec) at room temperature to visualize the cellular nucleus and cytoplasm.
Final mounting was performed using DPX solution, which hardens to permanently seal the section on the slide. The samples were visualized under a light microscope at x20 magnification.
Immunohistochemistry. Tissue sections were cut and mounted onto glass slides, as described above. Cellular endogenous peroxide activity was blocked by incubating the sections in 3% H 2 O 2 solution in methanol. Slides were transferred into antigen retrieval solution (10 mM citrate buffer; pH 6.0) and incubated at 95˚C for 7 min to unmask the antigenic epitope. Bovine serum albumin (BSA; 4%; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was used as a blocking buffer (2 h at room temperature) to reduce non-specific binding of antibodies. Statistical analysis. Statistical analyses for the obtained data were performed using SPSS for Windows (version 11.0; SPSS, Inc., Chicago, IL, USA). All the experiments were performed independently in triplicate and the results are expressed as the mean ± standard error of the mean. The statistical significance was assessed using analysis of variance followed by Tukey's post hoc test for multiple comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results
Mice that express TRAMP show progressive prostate cancer. Prostate cancer progression was assessed in C57BL/6 TRAMP x FVB, a transgenic mouse line with enhanced susceptibility to prostate cancer due to TRAMP overexpression. Pathological outcomes were assessed at 12, 18 and 24 weeks, and were determined based on histological analysis of the prostate gland (Fig. 1) . Prostates from 12-week-old control mice revealed a multi-lobed structure with a minimal glandular epithelium, and regular spacing between lobes (Fig. 1A) . By contrast, 12-week-old TRAMP + mice exhibited an initial thickening of the glandular epithelium with marked proliferation between the lobes (Fig. 1B) . Development of fatty tissue between prostate lobes was evident by week 18 in control mice (Fig. 1C) , compared with increased cellular infiltration in TRAMP + mice with migration towards the interior of the lobes (Fig. 1D) . By week 24, control mice displayed a gradual thickening of epithelial cells with minimal hyperplasia (Fig. 1E) , whereas TRAMP + mice exhibited a progressive hardening of the lobes with extensive thickening of glandular cells and increased hyperplasia (Fig. 1F) .
Expression of HNF1B with prostate cancer progress.
HNF1B is a transcriptional factor that regulates a variety of important cellular processes (16, 17) , including responses to hormones and growth factors. In the present study, the expression levels of HNF1B in different grades of prostate cancer histological sections were assessed (Fig. 2) . HNF1B displayed minimal expression levels in control and TRAMP + tissues ( Fig. 2A and C) at 12 weeks. However, at week 18, TRAMP + mice exhibited HNF1B expression in ~90% of cells (Fig. 2E) , consistent with the greater degree of cellular proliferation observed in these mice. By contrast, the more advanced tumors observed in 24-week-old TRAMP + mice were characterized by decreases in HNF1B expression levels, indicative of important alterations in gene regulation in vivo (Fig. 2G) .
Altered ECI2 expression in response to HNF1B. Given the importance of transcription factors, including HNF1B, the role of HNF1B gene expression on other downstream targets, including ECI2, was assessed. ECI2 exhibited minimal alterations in gene expression levels in control mice at 12 weeks (Fig. 2B) , compared with mild overexpression in TRAMP + mice (Fig. 2D) . Notably, 18-week-old TRAMP + mice exhibited marked downregulation of ECI2 expression levels ( Fig. 2F ) compared with 12-week-old TRAMP + mice (Fig. 2B) ; however, this trend did not persist, with prominent overexpression of ECI2 evident as the tumor progressed further (Fig. 2H) .
Protective effect of HNF1B through regulation of ECI2 in the initial proliferative phase of prostate cancer. Given the differential expression levels observed between HNF1B and ECI2, western blotting was used to confirm the alterations in protein expression levels in TRAMP + mice over time. The patterns of protein expression observed for HNF1B and ECI2, as revealed by western blotting (Figs. 3 and 4) , were similar to those revealed by immunohistochemistry (Fig. 2) . The level of HNF1B expression in prostate tissue was reported to be 3.55-fold increased in 18-week-old TRAMP + mice compared with 12-week-old TRAMP + mice, and it subsequently became downregulated (by a factor of 0.17) in 24-week-old TRAMP + mice compared with 12-week-old TRAMP + mice (Fig. 4) . The results for ECI2 demonstrate that its expression was 0.44-fold downregulated in 18-week-old TRAMP + mice compared with 12-week-old TRAMP + mice, and its expression pattern indicated 3.17-fold overexpression in 24-week-old TRAMP + mice compared with 12-week-old TRAMP + mice (Fig. 4) . These results suggested that ECI2 may be regulated by HNF1B in TRAMP + mice at 18 and 24 weeks in the TRAMP model of prostate cancer (Figs. 3 and 4) .
Discussion
Prostate cancer is the most common form of cancer in men, with the incidence being higher among older men (18, 19) . In the present study, the TRAMP mouse model of prostate cancer was used in order to better assess various aspects of disease progression in vivo (20) . TRAMP mice were demonstrated to develop various pathological features with increasing age, characterized by potential neoplasia in the early stages of disease (12 weeks), followed by remodeling of epithelial structures at week 18 (21) . As the tumor progressed, lobes present in the inner tissues of the prostate began to harden, although the mechanisms underlying these alterations remain poorly understood (22) .
HNF1B is a transcriptional factor that serves an important role in organelle development and tumorigenesis (23) and has direct connections to at least 12 cancer-associated genes, including nuclear receptor subfamily 4 group A member 1, BCL2-associated athanogene 1 and phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit-γ. Furthermore, this gene has been reported to serve a role in prostate cancer by modulating androgenic hormone signaling (24) , making it a good candidate for further study. It was demonstrated that HNF1B expression levels were associated with ECI2 expression levels, which has important implications for future studies. However, in the present study, the expression levels of HNF1B Figure 4 . Expression study of HNF1B and ECI2 during prostate cancer progression. Quantitative expression of HNF1B, ECI2 and β-actin in control, 12, 18 and 24-week-old TRAMP + mice. The results were obtained from three independent experiments and are presented as the mean ± standard deviation. The statistical analysis between the two variables was performed using analysis of variance followed by Tukey's post hoc test for multiple comparisons. Results are normalized to β-actin expression levels, and P<0.05 was considered to indicate a statistically significant difference. * P<0.05 vs. control and # P<0.05 vs. TRAMP+12 weeks. ECI2, enoyl-CoA-(Δ) isomerase 2; HNF1B, hepatocyte nuclear factor-1β; TRAMP, transgenic adenocarcinoma of the mouse prostate. and ECI2 exhibited opposing trends in 18-and 24-week-old TRAMP + mice. Previous studies have suggested mechanisms by which ECI2 may be regulated by AR (25) ; however, the precise mechanisms regulating this gene, and its association with HNF1B, remain elusive. In the present study it was demonstrated that the initial proliferative time point for prostate cancer (18 weeks) was characterized by increased expression levels of HNF1B, conferring a potential protective effect against tumor development.
Taken together, the data presented demonstrate that the TRAMP model is optimal for studying prostate cancer progression. The analyses revealed baseline alterations between initial proliferative cells, thickening of epithelial cells and hardening of tissues. It was also reported that the increased expression levels of HNF1B in initial stages of the disease serve a tumor-protective role, although upon tumor progression its expression is downregulated and expression levels of ECI2 are upregulated.
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